Structural changes of Li 2 C 2 under pressure were studied by synchrotron x-ray diffraction in a diamond anvil cell under hydrostatic conditions and by using evolutionary search methodology for crystal structure prediction. We show that the high pressure polymorph of Li 2 C 2 , which forms from the Immm ground state structure (Z = 2) at around 15 GPa, adopts an orthorhombic Pnma structure with Z = 4. Acetylide C 2 dumbbells characteristic of Immm-Li 2 C 2 are retained in Pnma-Li 2 C 2 . The structure of Pnma-Li 2 C 2 relates closely to the anticotunnite type structure.
I. INTRODUCTION
Carbides of alkali and alkaline earth metals typically occur as salt-like acetylides which consist of C 2-2 dumbbell anions isoelectronic to dinitrogen.
1 Recent theoretical studies suggested that acetylide carbides should transform to modifications with polymeric carbon structures at moderate pressures (below 10 GPa). [2] [3] [4] [5] [6] The predicted "polycarbides" consist of carbon polyanions with chain, ribbon, or layer structures which are stabilized by electrostatic interactions with surrounding cations. Such polyanions occur typically in Zintl phases and are well known for e.g. silicon and germanium. For carbon they represent a hitherto unknown chemical and structural feature. Polycarbides display distinct electronic structures and are predicted to be superconductors.
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Yet the computational predictions deviate notably from results of experimental high pressure studies. Hitherto investigated Li 2 C 2 , CaC 2 and BaC 2 have in common that acetylide C 2 dumbells are retained until irreversible amorphization occurs at pressures far higher than the calculated transition pressures for polymeric carbide formation. [7] [8] [9] The discrepancy has been attributed to kinetic hindrance. 3 Prior to amorphization BaC 2 and Li 2 C 2 undergo structural transformations at around 4 and 15 GPa, respectively, in room temperature experiments.
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These transformations correspond to a "conventional" increase of coordination numbers with pressure, leading to denser packings of cations and dumbbells. In the ambient pressure structure of BaC 2 Ba 2+ and C 2− 2 ions are six-coordinated and arranged as in the NaCl structure. The rhombohedral high pressure modification relates to the CsCl structure with both types of ions attaining an eight-fold coordination.
7 For Li 2 C 2 the structure of the high pressure form has not been conclusively characterized.
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Here we present the elucidation of the high pressure behavior of Li 2 C 2 from combined synchrotron diffraction experiments and crystal structure prediction methodology. To prevent the generation of enthalpically more favorable polymeric carbides in the computations, a constrained evolutionary algorithm was employed that enforced retention of C 2 dumbbell units at high pressures. 10 We further show that if amorphization of Li 2 C 2 were suppressed, a high pressure form predicted here would approach metallic behavior at pressures above 40
GPa.
II. METHODS

A. Experiments
All steps of sample preparation were performed in an Ar filled glove box (H 2 O and O 2 concentration < 1 ppm). Starting materials for Li 2 C 2 synthesis were lithium (ABCR, 99.99%) and graphite powder (Sigma-Aldrich, 99.9998%), which was degassed at 800
• C under dynamic vacuum for 24 h prior to use. Stoichiometric amounts of lithium and graphite were transferred into a purified Ta ampoule. Afterwards the ampoule was sealed in He atmosphere (800 mbar) and was placed inside a quartz ampoule, which was sealed under vacuum. The quartz ampoule was heated for 24 hours at 1073 K in air (tube furnace) after which the sample was allowed to cool by turning off the furnace. An air and moisture sensitive fine powder with a light-grey color was obtained. The phase purity of the sample was checked by powder x-ray diffraction (PXRD, Huber G670, CuKα1 radiation, capillary).
Apart from a small amount of unreacted graphite, no impurities were detected.
In situ high pressure monochromatic PXRD experiments were performed with a membranedriven diamond anvil cell (DAC) using a culet size of 400 microns. Powdered samples were loaded under inert gas atmosphere into a 150 micron-sized hole drilled in a stainless steel gasket. The pressure transmitting medium (PTM) was helium. Diffraction data were collected at room temperature at the ID09 beamline of the ESRF using a MAR555 flat panel detector.
The x-ray wavelength was λ = 0.41558Å and the beam diameter on the sample was set to 30 µm. In order to improve powder averaging, the DAC was rocked by ±3 degrees. The pressure was monitored by the ruby luminescence method. 11 The two-dimensional diffraction data were integrated using the software Fit2D.
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All diffractograms were inspected using the STOE Win XPOW software system.
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DICVOL
14 within Win XPOW was used for indexing and ENDEAVOUR 15 for an ab initio structural solution using a direct space approach. Rietveld refinements were performed with GSAS. 16 More details of the structure solution and refinement are given in Section III.
B. Computations
Structure searches were carried out using the evolutionary algorithm USPEX. [17] [18] [19] The search over configurational space was constrained to structures containing C 2 acetylide units.
C-C bond connectivity was enforced using the Z-matrix representation 20 available in the ab initio code SIESTA. 21 However, computationally demanding SIESTA was only used in the initial phase of a search as a means to quickly optimize the structure by constraining the molecular geometry and degrees of freedom of the C 2 acetylide units. These calculations employed the Perdew-Burke-Ernzerhof (PBE) exchange-correlation 22 as well as the single-ζ basis set. The plane wave cutoff was set at 100 Ry and a Monkhorst-Pack grid defined at a cutoff of 10Å was used. The pseudopotentials used were Troullier and Martins normconserving pseudopotentials. 23 The final stages of a search were performed using the Vienna Ab Initio Simulation Package (VASP). 24 The target pressure for searches was chosen to be 20 GPa. All populations contained 30 structures and the initial population's structures were randomly generated. All structures contained 16 atoms constrained to the chemical
Enthalpy vs. pressure relations of Li 2 C 2 phases were calculated using the first principles all-electron projector augmented waves (PAW) method 25 as implemented in VASP.
Exchange-correlation effects were treated within the generalized gradient approximation (GGA) using the PBE parameterization. 22 The structures were relaxed with respect to pressure, lattice parameters, and atomic positions. Forces were converged to better than 1× 10 −3 eV/Å. The integration over the Brillouin Zone (BZ) was done on a grid of special k points of size 6 × 6 × 6, determined according to the Monkhorst-Pack scheme and using Gaussian smearing to determine the partial occupancies for each wavefunction. 26 The kinetic energy cutoff was set to 675 eV. To obtain the band structure and enthalpies the tetrahedron method with Blöchl correction was employed for BZ integration. 27 Structure relaxations and phonon calculations were performed at pressures ranging from 0 -40 GPa. Once a structure was relaxed at a target pressure, zone-centered phonon calculations were executed using VASP's density functional perturbation theory approach.
III. RESULTS AND DISCUSSION
A. Experimental observations
The ground state structure of Li 2 C 2 , Immm-Li 2 C 2 , relates to the antifluorite structure.
Li atoms are coordinated by four dumbbell units and each dumbbell unit by eight Li ions.
Immm
A g and 24 GPa (white circle experiment, according to Ref. [9] ).
When recording Raman spectra of Li 2 C 2 in a DAC, it was consistently observed that Immm- To aid the structure elucidation, crystal structure searches by USPEX were performed at a target pressure of 20 GPa, well above the experimental transition pressure and below possible amorphization under hydrostatic conditions, respectively. Previous efforts using crystal structure prediction methodology in the structure search for high pressure C. Cmcm-Li 2 C 2 and structural relationships
The high-pressure phase Pnma-Li 2 C 2 amorphizes irreversibly in room temperature Raman experiments at ∼17 GPa (non-hydrostatic) but persists up to at least 25 GPa under hydrostatic conditions. Computationally Pnma-Li 2 C 2 may be further compressed. Interestingly, as shown in Fig. 6 , this yields at around 32 GPa a transition into another structure.
The new structure is topologically equivalent to Pnma-Li 2 C 2 , but adopts the higher symmetry space group Cmcm. The structure parameters for Cmcm-Li 2 C 2 and their variation with pressure are compiled in Tab. S7 in Ref. 29 , EOS parameters are included in Table 4 . As Immm-Li 2 C 2 relates to the antifluorite type so does the Pnma structure to the anticotunnite type. Pnma-Li 2 C 2 is isostructural to the recently discovered ternary carbides oriented up and down (cf. Fig. 7(b) ). These chains run along the c direction. The orientation of triangles from adjacent chains yields five-membered rings, which are centered by the dumbbell units. Because the trigonal prismatic environment of a dumbbell by Li triangles situated in layers above and below is maintained, its total coordination by Li ions is increased to 11 with respect to the Pnma structure. The coordination polyhedron corresponds to an Edshammar polyhedron which is the signature of the Ni 2 In structure type.
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To conclude the discussion of structural relationships, we address the evolution of in- However, unlike sulfides, acetylides will undergo amorphization with pressure and expected phase transitions may not be observed. The origin of the pressure induced amorphization of acetylides is uncertain, and different scenarios can be envisioned. For example, amorphization could indicate compositional instability and phase segregation, which appears to be the case for BaC 2 . 5 Further, it could connect with a pressure limit for stability of multiple bonded light element entities, as suggested in Ref. 7 . However, the enthalpic pressure limit for the stability of C 2− 2 units is rather low, as computations show clearly that with pressure carbides with polymeric anions become rapidly favored over acetylides. Specifically, for Li 2 C 2 a phase with the CrB structure becomes more stable than Immm-Li 2 C 2 at already 5 GPa. 2, 3 This is far below the experimentally observed Immm to Pnma phase transition (see also Fig. S2 in Ref. 29) and it has been concluded that acteylides are distinguished by a high kinetic stability. 3 The elucidation of the origin of the kinetic stability and pressure induced amorphization of acetylides will require the analysis of the composition and local structure of the amorphous carbides by e.g. synchrotron EXAFS and/or total scattering experiments, preferably in combination with molecular dynamics simulations.
